Introduction
Because of their outstanding chemical and physical properties, carbon nanotubes (CNTs) have found applications in many fields, from materials science to nanoelectronics [1] , and even nanomedicine, where their ability to encapsulate materials inside their cylindrical cavity and/or to fix molecules on their outer wall has been exploited to elaborate biosensors, sensors for MRI imaging or drug delivery systems especially for cancer therapy [2] [3] [4] .
Double-Walled CNTs (DWNTs) represent a special case with a morphology very close to single-walled CNTs (SWNTs) but with the advantage of the outer wall that can offer some protection from external aggressive conditions. Of key interest is the possibility of functionalizing their outer wall, which will ensure the connections with the external environment, without altering the properties of the inner nanotube and thus maintaining their physical properties as demonstrated in the case of fluorination reactions [5] [6] [7] . Highly selective gram-scale CCVD synthesis of DWNTs has been reported by our group using a Mg 1Àx Co x O solid solution containing additions of Mo oxide as catalyst [8, 9] .
CNTs are never synthesized as pure samples and the first studies about their purification started shortly after the first reports of their synthesis. The main impurities can be classified in 2 categories: carbon by-products (soot, disorganized carbon, amorphous deposits, graphitic fragments -depending on the synthesis method), and catalytic residues. Most of the purification techniques involve oxidation treatments in solution. The state of the art treatments used by most researchers are usually either HNO 3 alone, or mixed with H 2 SO 4 using a 1:3 HNO 3 /H 2 SO 4 vol. ratio, using concentrated acids. Treatments with HNO 3 solutions eliminate metal catalyst nanoparticles from SWNTs [10, 11] . Haddon [12] reported an evaluation of the use of HNO 3 as a purification treatment for SWNTs: by increasing the concentration of HNO 3 to 16 M and the treatment time to 12 h, the metal content was decreased from 28.1 wt.% to 0.2 wt.%, but the yield only was 14%. Concentrated HNO 3 /H 2 SO 4 (1:3) mixture was shown to be efficient on MWNTs for removing amorphous carbon impurities and catalyst particles [13] . Other oxidizing mixtures such as permanganate solutions in H 2 SO 4 were also used to obtain amorphous carbon-free MWNTs [14, 15] as well as to reduce the quantity of residual cobalt nanoparticles [16] . However, it has been shown that all the oxidation treatments used for purification of the tubes also lead to the generation of small oxidized polycyclic aromatic fragments, coined as carboxylated carbon(aceous) fragments (CCFs) (or more recently as nanographene oxide) coating the nanotubes [17, 18] . Another evidenced effect of these treatments is the modification of the walls by grafting of oxygenated functional groups: mainly carboxylic [19] [20] [21] , hydroxyl [22] or sulfonic (SO 3 H) groups have been reported after treatment of SWNTs by a mixture of H 2 SO 4 and HNO 3 [23] . These functions were usually characterized by FT-IR spectroscopy [17, 21, 23, 24] or by XPS [20, 25] . SEM and TEM can be also used in order to study visually the structural changes after the oxidative treatments but a quantitative estimation of the functionalization requires the use of thermogravimetric analysis [21, 23] , potentiometric titration [26] or acid-base titration [27, 28] . As these groups are located on the tips of the tubes (on pentagonal carbon structures) and on defective parts of the walls but also on CCFs [17, 20] , this should be taken into account when the acidic treatment of CNTs is aiming at further functionalization, as the number of active -COOH groups really on CNTs may be much lower than expected.
The effective removal of the CCFs from acid purified samples using NaOH washing treatments has been proposed for SWNTs and MWNTs [17, [29] [30] [31] [32] , the deprotonation of the functional groups on the CCFs making them more soluble in aqueous solution. The question of the actual functionalization of CNTs or of the carbon debris following the purification step is very relevant. Green and co-workers have shown using IR spectroscopy that the filtrate obtained after NaOH treatment of oxidized SWNTs initially contained carboxylate groups [17] . However, Haddon and co-workers [21] have shown that nitric acid purified samples exhaustively washed with aqueous base nevertheless contained a sufficient number of carboxylic acid groups to prepare high quality covalently functionalized nanotubes.
These oxidation treatments lead to CNTs opening and may thus be used for filling. Green and co-workers developed the first one-step filling of CNTs (MWNTs) in aqueous solutions, refluxing nanotubes in concentrated nitric acid containing precursor salts of iron, cobalt, nickel, uranium or f-block metals with a filling yield estimated up to 70% [33] and Ref. therein. A two-step method was also explored [33] [34] [35] , separating the opening step from the filling, which may be useful for filling with sensitive materials [36] . The mixture of concentrated nitric and sulphuric acids (1:3) was also used in order to both open and shorten SWNTs, leading to samples (several hundred nanometers) well dispersed in water [37] . This mixture of acids was also used for cutting MWNTs [38] . DWNTs have been opened in 2 M HNO 3 (milder conditions than for MWNTs) and filled with ferromagnetic Fe from a concentrated Fe(III) chloride solution [39] . It has also been shown that, at least in the case of SWNTs, most chemical or even simple mechanical treatments are able to open CNTs and allow them to be filled with solvent [40] . This still has to be verified for MWNTs (including DWNTs).
This work presents for the first time a comprehensive and quantitative evaluation of the modifications induced in DWNTs samples (purification, functionalization, opening) by different treatments of oxidation in solution. Results are compared to those obtained after thermal treatment (30 min in air, 500°C), this treatment being able to remove both residual metallic particles and amorphous carbon present in the samples (although it destroys 90% of the sample). In order to clearly evidence by TEM if opening is effective, control solution filling tests were carried out with uranyl nitrate. These results should be widely extrapolated to SWNTs and to most few-walled MWNTs.
2.
Experimental section 
3.
Results and discussion
Treatments in solution
We compared six different oxidizing treatments in solution in order to purify DWNTs, most of these processes being widely used in the literature. For each one, 200 mg of raw DWNTs were placed in 200 mL of the oxidizing solution, sonicated for 15 min and treated using the following methods: For methods 1 to 5, after 3, 6, 9 or 24 h of treatment, an homogeneous sample of 50 mL of the obtained black suspension was taken, filtered, and the solid was washed three times with 100 mL of deionized water before drying in air at 80°C overnight (oven) or freeze-drying. Fig. 1 shows typical TEM images of individual closed raw DWNTs obtained after treatment of the CCVD nanocomposite powder with hydrochloric acid. Samples contained both some disorganized carbon material that we call here ''diaphanous carbon'' (white arrows on Fig. 1a ) and residual carbon-encapsulated catalytic metallic particles (black arrows on Fig. 1b) . The diameter of the carbon-encapsulated metal nanoparticles was mainly between 2 and 5 nm. Diaphanous carbon is formed during the CCVD synthesis of DWNTs, being always present in raw samples as large agglomerates in which nanotubes are entangled. It can be compared to crumpled graphene and is formed by the unwanted direct catalytic decomposition of CH 4 on MgO oxide.
On Fig. 2 , a few examples of low magnification TEM images obtained after different treatments show that, depending on the applied protocol, either the metallic particles were selectively removed with limited elimination of the diaphanous carbon (method 1, Fig. 2a ), or the diaphanous carbon was removed, but the elimination of metal was not total (method 3, Fig. 2b ), or both diaphanous carbon and metallic particles were removed together as shown on Fig. 2c after treatment by method 6. This will be detailed thereafter.
Removal of the residual metal nanoparticles
Samples of raw DWNTs obtained by extraction of the composite powder still contain residual cobalt (3.5 wt.%) and molybdenum (1.0 wt.%) mainly in the form of nanoparticles tightly encapsulated in concentric carbon shells. When oxidation treatments are applied to the DWNTs, these carbon shells are also attacked, thus allowing acids to get inside. The rates of metal elimination, obtained by chemical elemental analysis, depend on the method used and are listed in Table 1 . After 24 h of treatment, the elimination of metal was of 90 wt.% for 3 M HNO 3 (method 1). With method 2, the same efficiency was already obtained after only 6 h at the same temperature. Using method 3, only 78 wt.% of the metal was eliminated after 24 h but when this method was improved using microwave treatment in solution at 130°C, 98% of elimination was reached within 30 min.
Removal of catalytic residues was accompanied by destruction of some CNTs and by a variable weight loss (Table 1) . After 24 h of treatment by method 1 , the sample yield was 82 wt.% instead of 63 wt.% for SWNTs in the same conditions [12] . Method 3 was more destructive, leading to 18 wt.% for the sample yield. The elimination of metal nanoparticles was also confirmed by magnetic measurements. The magnetization saturation (Ms) measured for raw DWNTs was 5.3 emu/g, due to the presence of cobalt nanoparticles. After treatment by 3 M HNO 3 for 24 h (method 1) this value decreased to 0.15 emu/g, but only to 0.3 emu/g after treatment with method 3 for 24 h. The metal elimination after 24 h was 72 wt.% when using KMnO 4 /H 2 SO 4 solution (8% weight loss) and was 97 wt.% with K 2 Cr 2 O 7 /H 2 SO 4 solution (99% weight loss), with very different consequences in terms of sample destruction. For comparison, after heating at 500°C of a dry DWNTs sample during 30 min followed by washing with HCl (37%), the quantity of metal nanoparticles was reduced to 342 ppm for Co and 200 ppm for Mo (ca 99% of elimination) which was confirmed by the magnetic measurements results, with Ms. decreasing to 0.004 emu/g. The metal removal in these conditions was very efficient but the sample yield was only c.a. 10 wt.%. Method 1 allowed a quantitative purification of the samples from metallic impurities with a low impact on the carbon material yield. Samples of better purity were obtained with method 6, leading to a low yield but enough to be acceptable. . If we focus on the DWNTs walls, we see that, in all cases, the opening was evidenced at the tips of the nanotubes. The creation of defects (holes) in the tubes walls could not be observed by TEM, but the walls and/or the tips were covered by a sticky coating of CCFs coming probably mainly from the decomposition of the diaphanous carbon agglomerates present in raw samples, but also from the degradation of CNTs tips as observed earlier in both SWNTs [11] and MWNTs [34] .
Modifications of the DWNTs walls after treatment, and presence of CCFs
The production of CCFs is linked to the concentration of HNO 3 : in the case of conc. HNO 3 (method 3, Fig. 3b ), the coating was not only observed at the tips but also on the outer wall of DWNTs. For potassium permanganate oxidation (method 4), we used a concentration of 0.012 M of KMnO 4 in 1 M H 2 SO 4 due to the lower resistance of DWNTs compared to MWNTs (0.2 M KMnO 4 solutions were used to open MWNTs [41] ). After 24 h of oxidation (Fig. 3d) , the tubes tips seemed to have been opened and then covered by CCFs. Similar results of amorphous-like carbon coating were observed by Satishkumar et al. on MWNTs after the same treatment [34] . While no opening could be evidenced with a 0.2 M solution of K 2 CrO 7 in 10% H 2 SO 4 in the case of MWNTs [41] , the tips of the DWNTs were opened in our conditions (method 5), but also coated by a large amount of CCFs, while a large amount of amorphous carbon was still present (Fig. 3e ). Using method 6 (Fig. 3f) , diaphanous carbon was eliminated, showing cleaner nanotubes, even if a thin layer of amorphous-like material could be observed on the outer wall of DWNTs, and seemed to stick DWNTs together. Comparing the six treatments used, methods 3 and 6 seemed to generate the cleanest samples.
Raman spectroscopy is a valuable tool for the characterization of carbon-based nanostructures, the D-band being usually attributed to sp 3 -defects in the structure of carbon nanotubes while the G-band originates from in-plane tangential stretching of the carbon-carbon bonds in graphene. The I D /I G ratio values were calculated from Raman spectra obtained on DWNTs samples after different oxidation treatments (Fig. S1 ) and are gathered in Table 2 . As described earlier [42, 43] (Fig. 3d) . The mixture K 2 Cr 2 O 7 /H 2 SO 4 is a very strong oxidant and after 24 h of treatment, the nanotubes, fully covered by sticky debris observed on Fig. 3e , corresponded to a I D /I G ratio of 0.80. For methods 3 and 6, leading to the cleanest samples ( Fig. 3c and f) , the I D /I G values were lower after treatment than in raw tubes (respectively 0.05 and 0.08), these treatments probably attacking preferentially the diaphanous carbon. We observed that the lower the I D /I G values, the more homogeneous the samples from the Raman point of view (both for a given sample when observed at different locations, or from a sample to another). It must be added that the question of the Raman signature of CCFs is still in debate, although it is quite established now that true amorphous carbon should exhibit no D band in Raman [44] .
It is important to note that the usual creation of CCFs observed after nitric oxidation of raw DWNTs was not observed when purified tubes were used. Fig. 4a shows a typical TEM picture of purified DWNTs obtained after thermal treatment in air for 30 min at 500°C followed by washing with HCl. After oxidation with 3 M HNO 3 for 24 h (Fig. 4b) , nanotubes had clean surfaces and no CCF could be evidenced. The I D /I G ratio of the sample (0.020) was almost unchanged after nitric oxidation (0.047). So the creation of CCFs coating the walls should come mainly from the HNO 3 attack of the diaphanous carbon initially present in the raw samples, and thus not so much from the degradation of the CNTs themselves.
Creation of functional groups
There is a general agreement that treatments by oxoacids create oxygenated functional groups (mainly -COOH) located on the tips and defects on the sidewalls of the tubes [21, 24] . The functionalization of DWNTs was evidenced by IR spectroscopy (Fig. 5) . After treatment by method 1 during 3 h (Fig. 5b) , new functional groups were obtained: C@O at 1728 cm Table 2 . Raw DWNTs samples contain a small amount of acidic functions estimated by titration to be less than 0.5 mmol/g. After 24 h of treatment by the different methods, the quantity of carboxylic groups ranged from 1.2 to 4.4 mmol/g of nanotubes, which is more than observed on MWNTs after treatment by conc. HNO 3 (0.4 mmol/g) [34] . These functions may be located on the DWNTs walls but also on CCFs. In the case of air oxidized DWNTs (500°C, 30 min), which are free of diaphanous carbon, the number of functional groups was only of 0.2 to 0.6 mmol/g, similar to the values found for raw DWNTs. When this purification treatment was followed by oxidation by 3 M HNO 3 for 24 h at reflux (method 1), it increased to 1.00 mmol/g, which was much lower than the result obtained when method 1 was applied on raw DWNTs. So, the formation of -COOH groups may occur not only on the DWNTs walls, but also on diaphanous carbon and other carbon species present in the samples.
Removal of the CCFs after oxidation treatment
After oxidation treatment in solution, the key to achieving high-purity DWNTs is a subsequent process for removing the CCFs that remain in the sample and coat the CNTs.
Washing treatments with NaOH solutions were performed as follows: after 24 h of reflux in 3 M HNO 3 and washing with water (method 1) , wet material corresponding to 20 mg of dry oxidized DWNTs were cleaned using three different methods:
( The use of basic solutions to remove the functionalized amorphous carbon debris was first proposed by Rinzler et al. [45] and widely used [17, 20, 29, 43] . They showed that the brown filtrate obtained after base washing contains COO À groups, and concluded that the neutralization of carboxylic groups located on CCFs helped to solubilize carbon species in water. Fig. 6 shows the TEM images of oxidized samples before and after the different cleaning treatments (A, B, C) . The purification appeared incomplete after the washing treatment (A) (Fig. 6b) , but no more functional groups could be detected by titration (from 2.2 mmol/g before washing to 0.0 after) and the IR spectra showed the disappearance of the characteristic bands of oxygenated functions. Nanotubes oxidized by 3 M HNO 3 for 24 h exhibited an I D /I G ratio of 0.40 (see Table 2 ). After washing by method (A), the I D /I G ratio decreased to 0.20.
With method (B), three NaOH concentrations were used with three times of reaction: 0.01 or 4 M solutions with 30 min of sonication ( Fig. 6c and d) , or 10 M solution with 3 h of sonication (Fig. 6e) . Titration data showed that the number of functional groups decreased by 60% after washing with 0.01 M NaOH (from 2.0 to 0.8 mmol/g) and 100% after washing with 4 or 10 M NaOH, although TEM observations revealed no significant difference between washed and unwashed samples. I D /I G intensity ratio decreased to 0.15 on average.
The aim of the washing treatment (C) was to eliminate the sticky amorphous carbon that remained on the outer wall of DWNTs even after the double oxidation (method 6). Doubly oxidized DWNTs were transferred in a 4 M NaOH solution and ultrasonicated during 1 h at room temperature (bath). TEM pictures showed DWNTs with clean outer walls (Fig. 6f) . The I D /I G ratio slightly decreased from 0.08 before NaOH washing to 0.03 after (with highly homogeneous samples). The titration results indicated that the number of functional groups decreased from 3.7 to 0.5 mmol/g. In all cases, NaOH washing caused a decrease in both the number of titrated functions and the I D /I G values and at the same time TEM pictures showed in most cases a decreasing amount of the CCFs coating the DWNTs. So, the dark filtrate removed after washing may contain highly soluble oxidized CCFs (CCF-COO À ). Before NaOH washing, about 3.5 mmol/g of oxygenated functions were present in the sample, most of them being located on CCFs, since after washing, more than 85% of the functions were removed (0.5 mmol/g). This value of 0.5 mmol/g was also confirmed by another indirect method, which is the reaction of carboxylic functions with amines: DWNTs initially treated by method C and then treated with 1,4-diaminobutane quantitatively reacted with 0.5 mmol of 1,4-diaminobutane per gram of nanotubes (quantified by Kaiser test).
Shortening and dispersion
Some of these chemical treatments have also an effect on dispersion and shortening of DWNTs. Fig. 7a shows an AFM picture of raw DWNTs, the length of which mainly ranged from 2 to 15 lm. After treatment by method 3 (Fig. 7b) , agglomerated short nanotubes were obtained along with isolated nanotubes shortened to 2-3 lm. The oxidation with K 2 Cr 2 O 7 /H 2 SO 4 seemed to be much stronger according to the AFM pictures (Fig. 7c) : the longest tubes observed were 5-6 lm and ca. 30% of the tubes were only 100 nm-long.
The level of functionalization of the DWNTs is important to obtain stable water suspensions. For each oxidation method, 10 mg of dry oxidized DWNTs were placed into 100 mL of water, sonicated for 15 min using a bath sonicator (80 W), then sonicated for 10 min by tip-sonication (500 W, 20% amplitude) and finally a mechanical homogenization was applied (Ultraturax DI 25 basic, 50/60 Hz, 600 W) with a rotation speed of 8000 rpm for a few minutes. The aim of these successive treatments is to individualize the CNTs as much as possible while playing either on agglomerates or on bundles, or both. During this mechanical homogenization procedure, 1 mL of the suspension was sampled and diluted to 10 mL in water for measurement of the zeta potential (10 mg/L solution). For decantation, the suspensions were not diluted after treatment (Fig. 8, 100 mg/L suspensions). After 24 h of sedimentation at room temperature, raw DWNTs fell at the bottom of the flask and only few agglomerates remained in the supernatant. After treatment of the DWNTs by oxidation, the suspensions were stable and no sedimentation was visually observed after 24 h, except for method 4 (Fig. 8) .
The dispersibility of DWNTs is related to the ionization of carboxylic acid groups introduced by acidic treatments (DWNT-COOH + H 2 O = DWNT-COO À + H 3 O + ) and to the adsorption of ions such as H + or OH -from the aqueous suspension which leads to the presence of a net charge on the surface of DWNTs. After oxidizing treatments, DWNTs form small bundles from 1 to 6 nm in diameter, that behave as colloidal particles. The measure of the Zeta potential of the aqueous suspensions gives an estimation of the surface charge of these particles and may be related to the rate of functionalization and to the dispersibility. A low value of 0.4 mV was measured for suspensions of non-functionalized (and forming unstable suspensions) raw DWNTs. The Zeta potential value of À40 mV (corresponding to the highest absolute value) was obtained with samples oxidized by conc. HNO 3 (method 2), which visually gave the most stable aqueous suspension after 24 h, and the highest level of functionalization. It has to be compared to the value of À53 mV found by Haddon et al. after oxidation of SWNTs by 7 M HNO 3 (in this sample, the functionalization was estimated at 9.2 mmol/g) [46] . The value of À16 mV for KMnO 4 treatment (method 4), which was the lowest in absolute value among all oxidized samples, corresponded to the lowest functionalization rate. Opening of DWNTs due to oxidation treatments is also possible and has been evidenced in different cases by filling experiments, as detailed below.
Filling of DWNTs
Oxidized DWNTs were impregnated with uranyl nitrate solution in order to fill the carbon nanotubes. Thanks to the contrast obtained during HRTEM observations due to the high electronic density of uranium, this experiment is suitable as a control for filling of carbon nanotubes, and thus as a visual evidence of opening following oxidation treatments. The filling was tested on four kinds of DWNTs oxidized by:
-Method 1 (24 h) followed by alkaline washing (method (A): reflux at 130°C for 24 h in 4 M NaOH); -Method 1 (24 h) followed by thermal treatment at 500°C in air for 30 min and by conc. HCl washing; -Method 3 (24 h); -Thermal treatment at 500°C in air for 30 min followed by conc. HCl washing.
Each sample (20 mg) of oxidized DWNTs was transferred into 7 mL of 0.25 M uranyl nitrate solution prepared in situ by dissolution of (depleted) UO 2 in conc. HNO 3 (68%). The suspensions were ultra-sonicated (sonication probe) for 20 min at 50% amplitude and then stirred for 3 days at 80°C. Each suspension was then filtered and the solid was rapidly washed with 20 mL of deionized water, and finally dried in vacuum overnight. From chemical analysis of uranium (Table 3 ) and TEM observations (Fig. 9 ), partial filling of DWNTs was evidenced in all conditions.
Whatever the method of opening of DWNTs, their filling with the uranium (VI) remained relatively low (U wt.% <3%). The best amount of metal in the sample was obtained for sample F3 (2.2 wt.%) when the DWNTs were opened by method 3, even if this value is not so different from the other ones. Solution filling can thus be used as a clear evidence of CNT opening, but is obviously not quantitative enough to allow some comparison between samples opened by different techniques.
HRTEM images of samples F1 (Fig. 9a) and F3 (Fig. 9b) were rather similar although the filling rate was twice as much in sample F3. Tubes were filled with very small uranium clusters of 1 to 2 nm in length, clearly located inside the DWNTs.
When DWNTs were purified by dry treatment at 500°C in air for 30 min (sample F4), the filling yield was low (U = 1.34 wt.%), probably due to the formation of large bundles (Fig. 4a) which probably disturbed the filling by limiting the access to the tips.
The low filling yield obtained for all the samples can be explained by the fact that when the filling is performed in solution, the nanotubes are in fact mainly filled with solvent. As a comparison, a better filling yield was obtained earlier with the same raw DWNTs using molten iron iodide: based on the visual inspection of HRTEM images, the filling yield was estimated to be higher than ca. 60%, while elemental analysis indicated 12.3 wt.% of iron in the sample [47] . Finally, due to the differences in the experimental conditions used for the oxidation of the CNTs and their influence on both the packing of the CNTs when they are dried and the possible plugging by CCFs, it is difficult to use this approach for a true quantitative comparison of the different extent of opening. However, this method is still valid for assessing whether CNTs are opened or not. Gas adsorption methods comparing different gases (Ar, Kr, Xe, N 2 ) could be another way to assess the opening of CNTs, although these kinds of measurements are rather complex and require to be performed in perfectly controlled conditions [48] .
Conclusion
Oxidation treatments are widely used for the purification of carbon nanotubes. We have shown in this work, based on quantitative data, that different oxidizing conditions lead to different degrees of purification, and that some selectivity towards a given impurity (disorganized carbon or residual catalysts) is possible, even if this is usually at the cost of important sample losses. This work also allowed to identify conditions in which a good compromise between high purity and acceptable sample loss can be obtained. Our results also show that most CCFs deposited on CNTs after oxidizing treatments are likely to originate from carbon impurities in the CNTs samples and not from the CNTs themselves. We have also shown that parallel reactions take place during purification treatments, such as functionalization and opening of the carbon nanotubes. These reactions cannot be avoided, and this should be taken into account as purification techniques thus lead to modifications of the surface chemistry (and sometimes of their length as well), with important consequences in most fields or research or application (composite materials, electronic properties, toxicity and environmental impact, etc.).
Opening of the CNTs was assessed by filling from a solution of uranyl nitrate and is shown to occur in all the tested conditions, although it is difficult to get proper quantitative data due to some differences between the different oxidation procedures leading either to strong agglomeration of the CNTs or their likely plugging by deposits of CCFs. 
